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SUMMARY OF THE INVENTION 
[Problems to be Solved by the Invention] 
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BRIEF DESCRIPTION OF THE DRAWINGS 
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to 

[Fig. 13] 

itBAMS-3i/'J*©NMR^^ Y)V&m*o 

DETAILED DESCRIPTION OF THE INVENTION 
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$?£b<liO~lT-&£o 
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EXAMPLE 

m \z m £ £ n z> & © -e » & v > o 

WTs ^©^^JilbTK^^^a^hU^A (SDS) £fflv^ii 

Example 1 * y#— 5 * U AtMOlS 

#f®?SI48JSodium dodecyl sulfate (SDS) 1 . 4 4 7 g £ ^ > £&tK ( 
162g) (4 6. lg) m&femztoTL, fcS 

6 0 °CT*MW i tfe^s 3 - ami nopropyltriethoxysi lane (APTES) 5. 5g 
^tetraethyl orthosilicate (TEO S) 5. 2 g<DM&V!)%1}nZ-XZ £> 13 1 R§ 
R8i*#bfco *i»0*»tJl:»t 1 0 0'Ct*2B^§IbfeJ:C5s 
CB6«tlR*«*ftaufc'« £©S*JB£iR5l*fflfcJ:!>»3'JU 1 0 O'C-C— 

02 (a) IZmLtz&SlZ, XRD <fc O C JWKiafiftlUtt^ifliv^ 

Example. 2 ^ V*-7 * >> 'J *WK©K3i 

H»J lT-g^Ufe* V*— 5^S/'J #m-£r#i g©^^y-;V5 OmliUS 
Cx.3 5%tt*m5. 2 g gfi-C2ll#|ifU8#Ufco *©«*g"Jt3«t *& 

fee 1 0 0 a CT--&1&mvx* V^-7^^>'J *^«*^fco 
EI2 (b) XRDi b&*fli3&©tf>7VW±. *V#— 7* 
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BETSO (D - H&) Ji^ft^tU 2 7 4m 2 /gM3. 2 

nmT*fcofco 3;fcx CHNS7G*#*rt8*«fc»K J; D«ifflRfc3rC 

7-*>#®t5i43>k (A) , {±8 9%T-feofe 0 13 C CP-MAS 

NMRl3j;D10 a , 2 1*. 4 3 y p p m\Z= S i - a C H 2 * C H 2 r C H 2 N H 3 

:7"nt^VSfc^W»&3 . 4ramol/g^ Wt(i7. 5nm- 2 tfe%: 
fc#¥«JBJ3bfco 

Example 3 /v#-7X'>iJ*©Ui 
^»JlTfl^bk* VJl?-7^i/'JA*^5 5 0°CT- 1 OKfH^bt 

02 (c) Cij*bfc<fc$K:> XRDiMV^^^'J^ii^V*-^^ 

fcflHi-C ft* «, TEMfH&x Mfl'U4©<£v^ y^* >*;i/©iE?!|-e 
fcSWormhole «ts££^U XRD©*gmi:— Stbfco El 3 (b) C 

^bfc<fc5£s &l&&(Dy->7))s<DN 2 i®im • ffiiif^S^filV^^^bx iS-fc 
«B?LS^*S^bfco Jt^B* (BETS) #tf¥±S*ffl?L^ (D-Hi) ii^ft 
^tis 5 0 1m 2 /gM3. 3nmT*feofe 0 
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Example 4 

Rmfe&MN-^truj * >mo . 7 g%j*>?&m& 1 1 o 

g\zm?L, 3; T- 6 0°CT*J1#L£^ 3-aminopropyltrimethox 

ysilane (APTMS) £0. 9 g htetraethyl orthosilicate (TEOS) 7 

9*3/iJ **&#S#fco CCD* V*—7^*>y 6 0 0°CT-6B# 

= i~3#^cMe>ft3-#©[i]^t?-?^$j£fts ^n^n3d-cubic Ad 
m^(0 2 0 0 i: 2 1 0 izigftttttstisfco-cfca (04) o ^©<ta(-. #1 

JiBfif!I4cp> V*— 7*3/ U -blZjo^X. 3d-Cubic Pm3iM7&<D = &K3 Lj r 

, D-H&K:«fc»)*K>fc«ffl?L^ffii!i*ia6K:^"ro z:ti5>©«0^mi- 

s^-cfu^tx^BE Tftmmm, *foMiiw.&i8&vMiL®mizzn?ti9 6 

3m 2 /gx 7 5 0 mm 3 /g43<tt>*2 . 8nm|ofe. :n^g|^^ I 
Example 5 

#STO5i4»JN-7'>n>f ;i>-L-?>* ^ >M0 . 7 g£^;*->£gl7k 1 1 0 
glZtaZ.^ 19 6 0°C-e«#Ufe^ 3-aminopropyltrimethox 
ysilane (APTMS) SI. 4 g iitetraethyl orthosilicate (TEOS) 1 
0. 4 g©?g^Sia^.T$e>^2 0#fSjfc# Ufeo 
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m£0>j5© * v ^ ^ ^> y * c -3 v> t i# ftfc xjftia#f - > £ ei 7 c ^ 

agonal p6mm^B© 1 0, 1 1J:2 OtiMf^^S^fiDtfeSo 

s HJS^J 5©^ V#— -7^^>y jbCfc^Tx 2d-Hexagonal p6mm*f B<£>— 

* > * ;v $ fix v n & z t #%gg £ ftfc o 

5m 2 /g> 4 9 8im 3 /g* , itJ t 2. 3 nm&ofco <I*l£>©*Sm*> PI 

jg^jsa^ nx £ ^#fitf§:£ nfco 

Examples 6-12 and Comparative Examples 1-4 

nmmi nmmjiij&x, (b) h co i:©^;nt?c*»$*fc»gms 
-rmmimzm-fo zomz.is^xj&fth\sX\z%nm 1 (a) »sd 

S, (B) STEOS, ^UT (C) iiAPTES^ffl^feo 
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n&frofco ^®i^m{iiiwj4^e>^ (c) sp**Lfc»^fr*sH>t>n 

SIiJWj&^U **3fi<D£j£fcti:fi5# (C) Ol«tt'>7>f$5APTES^ 
^ IC. $L<Dtt1&m 1 , 2, 3CB»f»ft5i5l:^ (B) £*fbf&# 

Example 13 

Here we report a novel anionic surfactant templating route to mesoporous silica, 
which is different from the previous pathways. The organoalkoxysilane with quaternary 
ammonium organic group (N-trimethoxylsilylpropyl-N,N,N-tributylammounium) has 
been used as the structure directing agent of zeolites ZSM-5 and ZSM-1 1 (H. X. Li, M. 
A. Camblor, M. E. Davis, Maicroporous Mater. 3, 117 (1994)). Our approach is based 
on the co-structure-directing effect imparted with aminosilane or quatemized 
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aminosilane. We prove this effect by using 3-aminopropyltrimethoxysilane (APS) or N- 
trimethoxysilylpropyl-N,N,N-trimethylamonium chloride (cation denoted here as 
TMAPS) (Fig. 10). The negatively charged head group of the anionic surfactants interacts 
with the positively charged ammonium site of APS and TMAPS electrostatically, 
through the neutralization of the various acids (pKa = 2-6) and APS (pKb ~ 3.4), and 
double decomposition of anionic surfactant salt and TMAPS quaternary ammonium salt, 
respectively (Fig. 10). The alkoxysilane sites of APS and TMAPS are co-condensed with 
tetraalkoxysilane, e.g. tetraethoxylsilane (TEOS), to be assembled subsequently to form 
the silica framework. The trimethylene groups of the APS and TMAPS covalently tether 
the silicon atoms incorporated into the framework to the cationic ammonium groups. It 
can be considered that proper CSDA(co-structure-directing agent)/anionic surfactant 
molar ratio could result in the pH of the system favorable for the condensation of 
alkoxysilane. Either secondary or tertiary aminosiliane (pKb ~ 3.2-4.2) can be substituted 
for APS. 

This novel templating route produced well ordered novel structures, which have never 
been reported. The mesostructures possessed uniform pore diameters ranging from 2.0 to 
6.2 nm. Typical anionic surfactant in the form of carboxylic acid and their salts, 
corresponding CSDA, synthesis conditions and obtained mesophases are listed in Table 2. 
Well-ordered AMS-n silicas have been synthesized in the pH range of 8.5-10.2 resulting 
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from the proper CDSA/anionic surfactant molar ratio. Obviously, the effective head- 
group area of anionic surfactant is decreased in the following order: N-acyl-glutamate> 
N-acyl-alanate > N-acyl-glycinate » carboxylate. The overall topology of mesostructure 
is determined by the geometry of the surfactant including chain length and head-group 
area. TMAPS with a large head-group has been found to be effective in forming the 
higher curvature mesophases. Sulfuric and phosphoric acid and their salt anionic 
surfactants have also led to ordered mesostructures in combination with either APS or 
TMAPS. The combination of sodium salts of anionic surfactants and APS (T. Yokoi, H. 
Yoshitake, T. Tatsumi, Chem. Mater. Submitted) or that of amino acids and TMAPS 
resulted in disordered mesoporous silicas. 

In a typical synthesis, a mixture of 4.16 g TEOS and 1.03 g TMAPS (50 % in 
methanol) was added to a mixture of 0.56 g of Ci 6 AS (for the surfactants abbreviation, 
see Table 2) and 56 g of deionized water with stirring at 60 °C. After the mixture was 
stirred for 24 h, the mesostructured product formed was cured at 100 °C for 1-3 days. 
The products were filtered and dried at 333 K. The anionic surfactants were removed by 
exhaustive solid-liquid extraction using 15 vol. % H 2 0/ethanol solutions at boiling 
temperature overnight to give the mesoporous materials with pendant amino or 
ammonium groups. Both of the anionic surfactants and the organics of the CSDA used 
were removed by calcination at 650 °C for 6 h. 
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Table 2. Synthesis conditions and obtained mesophases. 



Surfactant 



Acid 


APS/Sur 


Si/Sur 


pH value 


Mesophase 


CnGluA, CuGluA, 


2-8 


15-20 


8.9-9.5 


AMS-2 


CiaGluA. Ci?AlaA. CiaAlaA. 










CnGlyA, Ci 4 GlyA, Ci 6 GlyA, Ci 2 AA, 


1-8 


7.5-12 


8.8-10.2 


AMS-3 


C14AA 










Ci 2 AlaA 


0.75-1 


6-7.5 


9.2-9.4 


AMS-4 


Ci2-Ci4AlaA, Ci2-Ci 6 GlyA, C X2 - 
C16AA 


1 


3-5 


-9.4 


AMS-5 


Sodium salt 


TMAPS/Sur 


Si/Sur 






C12GI11S, CuGluS, 


2 


15 


8.9-9.5 


AMS-1 


Ci 2 AlaS, Ci 2 GlyS, Ci 2 AS 


1 


7.5 


8.9-9.5 


AMS-2 


CieGluS, CigGluS, d 4 GlyS, 










CieGlyS, Ci 2 AlaS, Ci 4 AlaS, C14AS, 


1 


7.5 


8.5-9.5 


AMS-3 


Ci 6 AS, 











* The well-ordered AMS-n silicas have been synthesized with 1 .0 weight % surfactants 
at 60 °C for 1 day. 



CnXY 

^A.:Free acid, S: Sodium salt 
' — Glu: L-Glutamic acid, Gly: Glycine, Ala: L-Alanine 

c n H 2n-l° ( C 12 H 23° : N-Lauroyl, C 14 H 27 0: N-Myristoyl, C 16 H 31 0: N-Palmitoryl, C 18 H3 5 0: N-Stearoyl) 



1 c„: 



AA:Free acid, AS: Sodium salt 

1 H2 n+ i(C 12 H25:Lauric, C^H^: Myristic, C 16 H 33 : Palmitic) 



Fig. 11 A shows the X-ray diffraction (XRD) pattern of calcined AMS-1 mesoporous 
silica (denoted as CuGluS- AMS-1) synthesized with CuGluS surfactant and TMAPS. 
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Three peaks in the range of 20 = 1 .5-3 0 and additional three weak peaks in the range of 
3.5 ° to 6 ° were observed. These peaks can be indexed either by the cubic phase with 
unit cell parameter a = 7.6 ± 0.4 nm or by the 3d-hexagonal phase with the unit cell 
parameters, a = 5.4 ± 0.4 nm, and c = 8.8 ± 0.4 nm. In the latter case, the cla ratio is 1.65, 
which is close to the ideal cla ratio of 1 .633 for the hexagonal close-packed (hep) 
structure of hard spheres. This material shows a uni-axial cylindrical disc (though some 
edges can be observed). Therefore, it is reasonable to assume that AMS-1 is 3d- 
hexagonal. Channels both perpendicular and parallel to the particle surface can be 
observed and the Fourier diffractograms (FD) suggests the presence of large ordered 
regions. The corresponding electron diffractogram (inset) is commensurate with 3 d- 
hexagonal symmetry. It is interesting that the particle was surrounded by a layer of 
different orientation from the inner one, which may block the inner pore system and lead 
to a decrease in the surface area and pore volume (Table 3). 
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Table 3. Properties of AMS mesoporous silicas synthesized by anionic surfactants 
templating route. 



Unit Surface area Pore WaU 
Structure Surfactant, CSD A cell* / m 2-u + diameterj thickness 

(nm) (m 8 )T (nm) (nm) 



AMS-1 (3d- 
hexagonal) 


CuGluS, TMAPS 


a = 5.4, 
c = 8.8 


501 


2.3 


AMS-2 
(3d-cubic) 


CuGluA, APS 


9.6 


963 


2.8 


AMS-3 (ad- 
hexagonal) 


Ci 6 AS, TMAPS(EX)§ 


8.1 (9.2) 


387 (311) 


5.2(6.2) 2.9(3.0) 


AMS -4 










(Bicontinuous 


Ci 2 AlaA, APS 


13.1 


760 


4.0 


3d-cubic ) 











* Calculated from the XRD patterns. fCalculated by the BET method. {Calculated from 



the adsorption branch of the N 2 isotherm by using the BJH method. §Extracted sample. 

The XRD pattern of calcined AMS-2 mesoporous silicas (denoted as Ci 2 GluA-AMS- 
2) synthesized by using Ci 2 GluA and APS is shown in Fig. 1 IB. This sample shows two 
well-resolved sharp XRD diffraction peaks in the region of 2 6 = 1 .5°-3.0°; since the ratio 
of d-spacings of the two peaks is close to 2/V5 , these might be indexed to the 200 and 
210 reflections (a = 9.6 ± 0.4 nm), based on the cubic system. 

When the longer-chain surfactants were used for the synthesis, 2d-hexagonal p6mm 
mesostructure (AMS-3) with a lower curvature, analogous to MCM-41, were obtained. 
The typical XRD pattern of the sample (denoted as Ci 6 AS-AMS-3) synthesized by using 
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C16AS with TMAPS are shown in Fig. 11C. It has been confirmed by EM observations 
that this sample is two-dimensional (not shown). 

The monovalent acylaminoacid C^AlaA resulted in the bicontinuous 3d-cubic phase 
(Ci 2 AlaA-AMS-4) with APS/Ci 2 AlaA molar ratio of 1.0 (Fig.llD). Interestingly, 
bicontinuous 3d-cubic Ia3d phase analogous to MCM-48 was obtained with a low APS/ 
Ci2AlaA molar ratio of 0.75. 

A lamellar mesophase (AMS-5) was obtained from the Cn-CuALaA, Ci2-Ci6GlyA 
and Ci2-Ci 6 AA surfactant synthesis systems at high surfactant concentrations and low 
Si/surfactant molar ratios. 

AMS silicas show unique structures with periodic modulations or unusual long-range 
periodicity. We consider that these modulations may be caused by the coexistence of 
micelles different in size and curvature possibility including local chirality, suggesting 
that more than one competing stabilization mechanisms are operative, and that more than 
one synthetic/mechanistic parameters are involved. The formation of local chiral 
structure seems to be the most possible reason for their structural modulations, since the 
novel structures of ASM-1, 2 and 4 were synthesized with the chiral organic surfactants. 
The formation of different micelle size and curvature can be explained in terms of the 
interaction of the surfactant molecule tails with APS, considering that ASM-2 and ASM- 
4 with periodic modulation have been synthesized with APS. The synthesis mechanism 
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is currently being studied by combining with HRTEM image contrast patterns. 

All samples with a high periodicity mesostructure as suggested from XRD patterns 
show type IV isotherm. As shown in Fig. 12, the samples synthesized with different 
surfactants exhibit sharp capillary condensation steps nitrogen adsorption isotherm, and 
consequently, narrow mesopore size distributions. The structural properties of the 
mesoporous silicas are listed in Table 3. The pore diameter and wall thickness is in the 
range of 2.0 to 6.2 nm and 2.4-3.1 nm (not all shown), respectively. 

The 29 Si NMR spectrums of extracted d 6 AS-AMS-3 silica have been measured (Fig. 
13). The peaks at -63 ppm attributed to silicon atom that is bonded to carbon (T n = 
=Si— C=) (K. Yamamoto, Y. Sakata, Y. Nohara, Y. Takahashi, T. Tatsumi, Science, 300, 
470 (2003)), and the peaks at -84, -100 and -110 ppm attributed to Q 2 , Q 3 and Q 4 silicons 
(Q n = Si(OSi) n (OH)4. n ), respectively, are observed. Thus, we conclude that the silicon 
atom in the aminosilane is located within the framework via co-condensation with TEOS. 
After calcinations of AMS-3 silica in air at 650 °C, the 29 Si NMR spectrum shows no 
resonance of T n and the Q 3 /Q 4 ratio decreased. 

Attempts to prepare mesoporous silica either by using the simple primary, secondary 
or tertiary alkylamines in place of APS, or by using simple quaternary ammonium salts 
in place of TMAPS, in combination with TEOS, were not successful. These results 
demonstrate the effectiveness of the strategy using silanes with amino or quaternized 
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amino pendant as CSDA to initiate silica condensation at the surface of self-organised 
anionic surfactants. 

[Effects of the Invention] 
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